ESI 


The  contents  of  this  report  are  not  to  be  used  for  advertising,  publication,  or 
promotional  purposes.  Citation  of  trade  names  does  not  constitute  an 
official  indorsement  or  approval  of  the  use  of  such  commercial  products. 
The  findings  of  this  report  are  not  to  be  construed  as  an  official  Department 
of  the  Army  position,  unless  so  designated  by  other  authorized  documents. 


DESTROY  THIS  REPORT  WHEN  IT  IS  NO  I  ONCER  NEEDED 
DO  NOT  RETURN  IT  TO  THE  ORIGIN  *  TOR 


REFERENCE:  CERL  TR  M-85/02,  ".’’t proved  Ceramic  Anodes  for  Corrosion 
Pro t eel  ion" 


Please  take  a  few  minutes  to  answer  the  questions  below,  tear  out 
this  sheet,  and  return  it  to  CERL.  As  a  user  of  this  report,  your 
customer  comments  will  provide  CERL  with  information  essential  for 
improving  future  reports. 

1.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related 
project,  or  other  area  of  interest  for  which  report  will  be  used.) 


2.  How,  specifically,  is  the  report  being  used?  (Information 
source,  design  data  or  procedure,  management  procedure,  source  of 
ideas,  etc.) _  _ 


•  JL 


i 

3. 

f 

r 

sav 

■' 

cos 

ela 

< 

or  mat 
as  ma 
effic 


4.  What  is  your  evaluation  of  this  report  in  the  following  areas? 

a.  Presentation:  _ _ 

b.  Completeness:  _ _ 

c.  Easy  to  Understand:  _ 

d.  Easy  to  Implement:  _  _ 


I 


e.  Adequate  Reference  Material: _ __ _ _ _  __ 

f.  Relates  to  Area  of  Interest:  _ _ _ _ _ 

g.  Did  the  report  meet  your  expectations? _ _ _  _  _ 

h.  Does  the  report  raise  unanswered  questions? _ _ 

i.  General  Comments  (Indicate  what  you  think  should  be  changed  to 

make  this  report  and  future  reports  of  this  type  more  responsive  to  your 
needs,  more  usable,  improve  readability,  etc.)  _ 


5.  If  you  would  like  to  be  contacted  by  the  personnel  who  prepared 
this  report  to  raise  specific  questions  or  discuss  the  topic,  please 
fill  in  the  following  information. 

Name:  _ _ _ _ 

Telephone  Number:  _ _ _ _ 

Organization  Address:  _ _ _ _ _ _ 


6.  Please  mail  the  completed  form  to: 

Department  of  the  Army 

CONSTRUCTION  ENGINEERING  RESEARCH  LABORATORY 
ATTN:  CERL-SOI 
P.0.  Box  4005 
Champaign,  IL  61820 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  (When  Dete  Entered) 


|  REPORT  DOCUMENTATION  PAGE 

READ  INSTRUCTIONS 

BEFORE  COMPLETING  FORM 

1.  REPORT  NUMBER 

CERL  TR  M-85/02 

3.  RECIPIENT'S  CATALOG  NUMBER 

_ 

4.  TlTL E  (and  Subtitle) 

IMPROVED  CERAMIC  ANODES  FOR  CORRC 
PROTECTION 

>S  1  ON 

5.  TYPE  OF  REPORT  ft  PERIOD  COVERED 

FINAL 

6.  PERFORMING  ORG.  REPORT  NUMBER 

7.  AUTHORO) 

J.  H.  Boy  A.  Kumar 

M.  Olson 

V.  Hock 

8.  contract  or  grant  number^; 

9.  PERFORMING  ORGANIZATION  NAME  AND  ADDRESS 

U.S.  Army  Construction  Engr  Research  Laboratory 
P.0.  Box  4005 

Champaign,  1L  61820-1305 

10.  PROGRAM  ELEMENT.  PROJECT.  TASK 
AREA  ft  WORK  UNIT  NUMBERS 

CWIS  31204 

11.  CONTROLLING  OFFICE  NAME  AND  AOORESS 

12.  REPORT  DATE 

November 

13.  NUMBER  OF  PAGES 

18 

14.  MONITORING  AGENCY  NAME  ft  ADDRESSf/f  dlllerent  from  Controlling  Ottica) 

15.  SECURITY  CLASS,  (ol  thla  report) 

UNCLASSIFIED 

15  a.  DECLASSIFICATION/DOWNGRADING 
SCHEDULE 

16.  DISTRIBUTION  STATEMENT  (o I  thle  Report) 


Approved  for  public  release;  distribution  unlimited. 


17.  DISTRIBUTION  STATEMENT  (of  (A*  ebetrect  an tered  In  Block  20.  II  dlllmront  from  Report) 


18.  SUPPLEMENTARY  NOTES 

Copies  are  obtainable  from  the  National  Technical  Information  Service 

Springfield,  VA  22161 


19.  KEY  WORDS  (Contlnua  on  ravaraa  mida  It  nacaaaary  and  IdmntMy  by  block  numbar) 

anodic  coatings 
cathodic  protection 
ceramic  coatings 
plasma  spraying 


20*  ABSTRACT  fCaothaua  an  rararaa  ft  nmeaaaaay  and  tdaniity  by  block  numbar) 

-Ceramic  anodes  used  for  cathodic  protection  are  currently  made  with  expensive  metals 
(niobium,  tantalum)  as  substrates,  and  these  anodes  have  a  limited  useful  life.  This  study 
investigated  plasma-sprayed  ceramic  coatings  on  aluminum  and  stainless  steel  substrates, 
as  well  as  solid  sintered  ceramics,  as  less  expensive  and  longer-lived  alternatives. 

Anodes  made  of  stainless  steel  substrates  with  an  electroplated  coating  of  a  “passive” 
metal  (tantalum)  followed  by  a  lithium-ferrite  plasma-sprayed  coating  showed  excellent 
promise.  However,  a  triple  layer  plasma-sprayed  coating  system  consisting  of  lithium  } 


DO 


FORM 

I  JAM  73 


1473 


EDITION  OF  *  NOV  «S  IS  OBSOLETE 


UNCLASSIFIED 


SECURITY  CLASSIFICATION  OF  THIS  PACE  (When  Doto  Bntorod) 


UNCLASSIFIED _ 

SECURITY  CLASSIFICATION  OF  THIS  PAGEfWJuo  Data  Bntarad) 


BLOCK  20  (Continued) 


ferrite  over  niobium  over  Ni-Cr-Al-Y  sealcoat  on  316L  stainless  steel  and  aluminum  alloy 
substrates  proved  unacceptable  as  a  possible  anode  material  because  of  severe  cracking 
and  spalling. 

Solid  sinter  Mn  and  Mn-Zn  ferrites  also  showed  potential.  They  were  fabricated  with 
caretul  control  of  the  postsintering  cooling  rate  to  yield  materials  with  anodic  dissolution 
rates  less  than  0.5  grams  per  amp  year  (g/A-yr).  This  is  considerably  improved  from  the 
I  to  2  g/A-yr  previously  reported  for  plasma -sprayed  lithium  ferrite  on  a  valve  metal 
substrate. 


Donor  doped  and  reduced  solid  sintered  titanate  compounds  yielded  electrically 
conductive  materials,  but  they  broke  down  so  quickly  and  severely  under  anodic  polari¬ 
zation  testing  that  they  are  not  suitable  for  cathodic  protection  applications. 
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IMPROVED  CERAMIC  ANODES  FOR 
CORROSION  PROTECTION 


1  INTRODUCTION 


Background 

The  I'.S.  Army  Corps  of  Engineers  is  responsible 
for  maintaining  many  types  of  metallic  structures  that 
can  corrode,  but  this  corrosion  can  be  stopped  by  the 
use  of  cathodic  protection,  i.e..  by  applying  a  small 
electric  urrent  from  an  outside  source  to  the  cor¬ 
roding  structure. 

Traditionally,  impressed  current  systems  have  used 
anodes  that  are  either  inexpensive  and  very  large  (high 
silicon,  chromium  bearing  cast  iron),  or  small  and 
expensive  (platinized  titanium).  Because  damage 
caused  by  floating  debris  necessitates  relatively  fre¬ 
quent  replacement  of  anodes,  there  is  a  need  for 
improved  cathodic  protection  systems  with  affordable 
anodes  that  can  provide  protection  with  a  minimum  of 
installation  and  maintenance  problems. 

The  use  of  electronically  conducting  ceramics  as 
anodes  tor  cathodic  protection  was  investigated  by 
Segan  and  Kumar.’  The  anodes  consisted  of  a  plasma- 
sprayed  lithium  ferrite  coating  on  button-shaped 
titanium  or  niobium  substrates  (Figure  1 ).  The  dis¬ 
solution  rate  of  these  lithium-ferrite-coated  anodes, 
measured  over  a  2 -month  period,  was  determined  to 
be  I  to  2  grams  per  amp  year  (g  A-yr)  in  an  aerated 
sodium  chloride  solution. 

Drawbacks  to  these  ceramic  anodes  were  high  cost 
due  to  the  niobium  substrate  and  a  relatively  high 
dissolution  rate  due  to  the  ceramic  coating.  Two  steps 
could  be  taken  to  resolve  these  drawbacks:  (I)  reduce 
the  cost  ol  the  niobium  substrate  by  using  niobium- 
coated  steel.  (2 )  increase  the  life  of  the  ceramic  coating 
by  using  better  ceramic  materials. 

Objectives 

The  objectives  of  this  investigation  were  to  develop 
new  plasma-sprayed  ceiamic  anodes  to  improve  per¬ 
formance.  minimizing  costs  by  using  niobium-  or 
tantalum-coated  steel  rather  than  niobium  or  tantalum 


1  I  .  (,  Segan  and  A  Kumar.  I'rclinmwr i  hiresiigalion  of 
Ceramic  Coaled  inodes  lor  Cathodic  Protection  Technical 
Report  W -33  3  ADA  I  33440  it  S  Arms  ( 'onstruction  I  nei- 
neering  Research  Laboratory  |l  SA4  I  RI.  1 .  Aueusi  I9N3). 


substrates,  and  to  manufacture  and  test  anodes  con¬ 
sisting  entirely  of  solid  sintered  ceramics. 

Approach 

The  state-of-the-art  use  of  electrically  conducting 
ceiamic  materials  for  anodes  was  reviewed.  The  per¬ 
formances  of  plasma-sprayed  ferrite  and  other  solid 
sintered  ceramics  were  then  evaluated  under  anodic 
polarization  in  various  environments  to  determine  the 
ceramic  systems  best  suited  for  impressed  current 
anodes. 

Mode  of  Technology  Transfer 

It  is  recommended  that  the  information  in  this 
report  be  used  to  develop  procurement  specifications 
for  use  in  the  draft  Corps  of  Engineers  Guide  Specifica¬ 
tion  (CEGS)  23 10. 


2  COATED  ANODES 

Plasma-Sprayed  Ceramic  Coatings 

In  the  previous  investigation  by  Segan  and  Kumar, 
the  electrically  conducting  ceramic  was  plasma-sprayed 
on  two  valve  metal  substrates,  titanium  and  niobium. 
Valve  metals  display  active-passive  behavior  in  a 
potentiodynamic  scan.  In  the  passive  region  of  the 
scan,  the  "passivated"  metal  forms  a  surface  film  which 
acts  as  a  barrier  to  corrosion. 

Plasma  spraying  provides  excellent  electrical  and 
mechanical  ceramic -to-metal  interface  properties.  When 
the  conducting  ceramic  is  sprayed  onto  a  passivated 
metal,  it  provides  a  path  of  electrical  continuity, 
allowing  the  anode  current  to  pass  easily.  If  the 
ceramic  coating  has  interconnected  porosity  or  is 
damaged,  the  metal  substrate  will  passivate  and  protect 
itself  from  further  corrosion  damage.  Metal  substrates 
are  easier  to  machine  than  ceramics,  lending  themselves 
to  more  efficient  designs. 

A  disadvantage  of  using  valve  metal  suhsliates  is 
their  high  cost.  Niobium  costs  up  to  IS  times  more 
than  titanium  while  tantalum  can  cost  .30  times  more. 
At  the  time  of  publication,  small  quantities  of  25.4- 
mm-diameter  niobium  rod  cost  20  times  as  much  as 
.3 1 0 L  stainless  steel.  These  metals  are  also  typically 
harder  to  machine  than  most  standard  engineering 
metals.  For  these  reasons,  it  was  determined  that  a 
thin,  nonporous  "passivated"  metal  coating  on  a 
moie  cost-effective  metal  would  piovule  the  best 
substrate. 
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Triple  Layer  Plasma-Spray  System 
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mooli.inio.il  bond  between  ills'  .ilummiim  and  i ho 
p.issn. Ill'll  ills’!  jl.  I  Ills  w.|\  tollowed  In  >pi .i\  l lie  .1 
'Hi  po : oon I  pills'  1 1 ii >h nim  powdei  i>>  I. mil  ,i  0 . 5 -m m 
p.issii. iK'il  mot .i I  coating.  Mis'  ss'.ils'il  siibsliali’s  iw'ii1 
ilis'ii  spt.iv  oil  with  a  I  >  .5  -mm  hi  Ilium  to  1 1  i  t  o  l.tyet  ol 
ills'  os  mu  p<  >sit  h  >  n  lists'll  in  ‘I  able  I.  Lipins'  2  shows  ,i 
vanning  election  inis'iopi.iph  (SIM)  oi  lbs-  mph 
spi  iy  s'il  .moils' 

Hs'.-.niss'  oi  tin*  .'loss'i  mats'll  ol  tils'  coetticienis  ol 
lh.'  iiul  expansion  ot  tits'  coating  to  sls's'l  than  to 
aaitmii'.im.  -.eveial  s.mipls's  woe  pis’pais'il  in  a  simllai 
m. unis"  as  above  using  5Iol  stainless  sti-s'l  as  tils'  bass' 
'ill's! :  at  s'  mats'!  lal . 

lbs-  tuple  layet  plasma-sprayed  aluminum  ansi  .'I hi. 
'tamls'ss  sts's’i  anoiles  were  subjeetesl  t s '  an  anoslie 
polait/ation  test,  passing  40  in  A  of  eurrent  through 
the  anoik's  ni  a  5  ps' i oe lit  NaCI  distilled  water  solution. 
In  all  eases,  the  coating  lasers  displayed  severe  cracking 
and  spalline  lligute  a ).  Excessive  amounts  of  corrosion 
P'oduets  also  weie  found  in  solution.  These  effects 
ma\  be  e. nised  In  intereonneet mg  pores  in  the  passi¬ 
vated  metal  lav ei  whieli  allow  contact  between  'lie 
steel  o'  aluminum  and  the  surrounding  electrolyte. 
Ihe  is'siilting  common  ot  the  metal  connection  would 
lot m  metal  oxides  and  oilier  corrosion  ptoduets.  Situ  .• 
these  pouliiets  ies|iiiie  more  physical  space  than  the 
pine  metal,  they  toice  the  coating  layers  to  crack  and 
spall . 

Electroplated  Tantalum  and 
Plasma-Sprayed  Lithium  Ferrite 

A  second  coating  method  investigated  was  electio- 
plalirig  form  molten  vahe  metal  sails.  Again.  olhL 
stainless  steel  was  chosen  as  the  substrate  material 
because  ot  its  conostmi  tesisiance.  The  substrates  were 
polanzed  in  a  molten  tantalum  fluoride  salt  solution 
maintained  at  ovet  MM)  (  A  O.I25-mm  coating  was 
deposited  at  a  tate  ot  <v.'5  pun  hr  under  an  argon 
atmosphere  Some  ot  the  plated  substrates  were  then 
plasma-spray  coated  with  a  ll.'-mm  conducting  lithium 
let  i  tie  lav et . 

Both  ceramic -coated  and  uncoated  tantalum  plated 
substrates  were  then  subjected  to  an  anodic  polari¬ 
zation  test  hy  passing  40  mA  ot  cm  rout  tiuough  the 
anodes  in  4  5  petcent  NaC  I  in  distilled  water  solution 


tor  24  houis.  Also,  a  potemio.lv  nainic 
tantalum  plated  coating  was  taken. 

Ptcliminaix  investigation  ot  the  siihstiaies  shows 
gteal  ptomtse.  All  samples  passed  the  initial  pol.uiz.i- 
tton  test  with  vety  little  dissolution  evident  I  he 
poientnuk  n.iintc  scan  mdii.ited  that  the  elect  toplated 
tantalum  coating  will  lem.un  passive  at  t\ pica  I  anode 
potentials.  I  millet  mvesiigatiou  will  deieiuiine  it  the 
coating  ict.iiiis  its  high  ipiahtv  undei  vanoiis  coinhlioiis 
ovei  long  pci  toils  ot  tjiues.  such  as  n  months. 

3  SOLID  SINTERED  ANODES 


Titanate-Based  Perovskite  Ceramics 

Many  elect  deal  centimes  have  a  common  ctystal 
st  i  net  in  e  cot  t  esponduig  to  the  stiucture  ot  the  umieial 
peiovskite  t'aTiO.i.  In  the  ideal  form,  the  unit  cell  can 
he  represented  hy  calcium  at  the  comet  ol  a  cube  with 
a  titanium  atom  at  the  body -cent eted  position  and 
oxygen  atom  at  the  lace-cetiteted  position.  In  the 
genetic  perovskite  st  met  tire.  AB0(.  the  A  cation  is 
coordinated  with  12  oxygen  atoms  and  the  B  cation 
w it h  six. 

The  most  common  peiovskite  compounds  ate 
described  by  the  general  formula  A:*B4*0.r-  where 
the  A  cations  are  alkaline  earths  Ca.  St.  Ba.  Mg.Ph.ot 
Cd.  and  the  B  cations  include  t'e.  He.  Sn.  Ti.  ot  Zt. 
The  host  known  are  the  titunates  because  of  the 
ferroelectric  properties  exhibited  by  the  barium  and 
lead  compounds.' 

Electrical  conductivity  in  perovskite  ceramics  is 
determined  by  the  defect  chemistry  of  the  sample.  The 
principal  defects  of  interest  at  dopant  ions  of  a  dit- 
ferent  valency  and  deviation  from  the  stoichiometiic 
composition.  Pure  barium  titanate  is  an  insulator,  with 
electrical  resistivity  of  about  I014  ohm/cm  at  loom 
temperature.  Additions  of  precisely  controlled  amounts 
of  dopants  make  BaTiO.(  a  semiconductor,  with  resist¬ 
ivities  of  about  10  ohm, cm.  Heavily  doped  samples  are 
insulators.  Dopant  ions  must  be  ol  sitnilat  size  to  the 
ton  being  replaced,  with  ionic  radius  difference:  of  15 
percent  or  less.'1  Dopant  cations  must  also  have  a 


J|  .  S.  Ci.i La sm > .  Strut  [nre.  Properties  uihl  Preparation  ot 
Perovskite  T\  pe  Compounds  (IVrtMinon  Press.  ]  %lM. 

M>.  B.  Mcmlnwcntt.  Proceedings  of  the  International 
Conference  on  Strontium  Containing  C'om point J\.  olneil  In 
T.  J.Cirey  <1973),pp  I  l‘M36. 


Chemical  Analysis  of  Plasma-Sprayed  Lithium  Ferrite  on  Titanium  Substrate* 


Weight  Percent 

Mole  Percent 

Iron 

69.22 

40.49 

Manganese 

3.05 

1 .81 

Lithium** 

1.46 

6.87 

Zinc 

1.43 

0.72 

Magnesium 

0.008 

1.08  X  10-= 

Calcium 

0.27 

0.22 

Nickel 

0.082 

0.46 

Oxygen  (estimated) 

24.375 

49.77 

Other  Approximate: 


Titaniu  m 

0.02 

1.36  x  10-= 

Aluminum 

0.01 

1.21  x  10  = 

Boron 

0.01 

3.02  x  10-= 

Silicon 

0.005 

5.82  x  10-' 

Chromium 

0.003 

1.88  x  10-' 

Copper 

0.003 

1.54  x  10  * 

Molybdenum 

0.003 

1 .02  x  l(|-» 

Cobalt 

0.001 

5.54  x  Id’4 

Silver 

0.0005 

1.51  x  10- 

Sodium  Questionable.  If  Present 

0.05 

sO 

‘Analysis  performed  by  x-ray  fluorescence  on  a  fused  sample  of  plasma-sprayed  lithium  ferrite. 
••Lithium  analysis  performed  by  atomic  absorption. 
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Figure  2.  Cross  section  of  triple  layer  plasma-sprayed  anode. 
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different  valence  from  the  ion  being  replaced,  with 
higher  valence  to  yield  it  type  semiconductors.  Dopants 
can  he  substituted  either  on  the  A  site  (e.g..  Lanth¬ 
anides.  Sb'*.  Bi'u.and  )  e't  a t  the  B  site  (e.g..  Nh5*, 
La'*.  V5*.  ShM'.  and  W6*).4  To  enhance  perovskite 
conduct i\it\ .  one  can  simultaneously  donor  dope 
both  the  A  and  B  sites  for  example  Lau  and  Nb5+. 
respectively  in  SrTiO.,. 

Owgen  vacancies  in  the  perovskite  crystal  structure 
formed  during  high  temperature  processing  in  a  reducing 
|N:>  atmosphere  can  be  quenched  in  at  room  temp¬ 
erature.  with  the  compensating  electrons  remaining 
available  for  conduction.  Thus,  undoped  BaTiO., 
can  be  made  semiconducting  by  sintering  in  a  reducing 
atmosphere,  although  both  chemical  doping  and 
reduction  are  typically  combined.5  For  SrTiO.,, 
chemical  doping  with  tungsten  was  not  sufficient  to 
produce  semiconducting  samples:  the  samples  also 
required  sintering  in  a  reducing  atmosphere  to  yield 
resistivities  in  the  range  10  to  102  ohm. cm.6 

Titanate  samples  were  prepared  using  typical 
ceramic  processing  techniques.  Commercially  available 
electronic  grade  titanate  powders  and  reagent  grade 
oxide  additives  were  used.  The  starting  materials  were 
weighed  to  yield  the  desired  composition,  and  ball 
milled  in  an  alcohol/water  solution  for  X  hours.  A  0.5 
wt  percent  of  SiO:  and  0.5  wt  percent  of  C'aCO,  were 
added  to  each  batch  to  enhance  the  densifieatioti 
by  the  formation  of  a  liquid  phase.  A  polyvinyl  al¬ 
cohol  solution  was  added  during  the  last  hour  of 
milling  to  enhance  the  pressing  of  the  sample  pellets. 
The  slurry  was  filtered  and  dried  to  the  desired 
moisture  content,  approximately  3  percent.  The 
resulting  powdei  was  sieved  through  a  30  mesh  screen, 
then  pressed  into  1 ,55-cm-diameter  pellets  at  103  MPa. 
These  pellets  were  subsequently  sintered  in  an 
atmosphere-controlled  furnace.  The  titanate  samples 
were  fired  at  1450'C  tor  4  hours.  During  the  heating 
and  the  initial  3  hours  of  sintering,  (lowing  air  was 
ttsed.  During  the  last  hour  of  sintering  and  during 
cooling,  a  reducing  atmosphere  of  40  percent  N:  and 


*B.  M.  Kulvutki.  "PTC  Materials  Technology.  1955-1980." 
drain  Boundary  Phenomena  in  Ceramics.  Vnl  \ .  Advances  in 
Ceramics,  edited  by  L.  M.  Levinson  ( I  981 ).  pp  1  38-1  54. 

'11.  P.  R.  I  rederikse.  et  al..  “I  lectronic  Transport  in 
SrTiO,."  Physical  Review.  Vol  134.  No.  2A  (1964).  pp 
A442-445. 

“K.  I).  Budd  and  I).  A.  Payne.  "Internal  Boundaries  in 
line  drain  WOP,  Doped  SrTiO,.”  Presented  Amer.  Ceramic 
Society  (  April  1  983). 


10  percent  H:  was  used.  The  resulting  samples  were 
dark  in  color,  indicating  successful  reduction. 

The  samples  were  tested  lot  density  ,  then  elect  rod- 
ed  with  sputtered  gold  for  electrical  conductivity 
testing,  followed  by  encapsulation  in  epoxy  and 
corrosion  testing.  The  corrosion  testing  consisted  ol 
polarizing  the  sample  with  an  applied  cutrenl  density 
of  0.02  A/cm2  in  a  3.5  percent  NaC'l  aqueous  solution. 
Scanning  electron  microscopy  was  used  to  examine  the 
microstructure  of  the  samples  as  sintered  and  aftei 
corrosion  testing.  To  observe  the  sintered  micro¬ 
structure,  the  samples  were  prepared  using  standard 
metallographic  techniques.  The  samples  were  then 
thermally  etched  at  1425°C  in  a  reducing  atmosphere 
to  enhance  grain  boundary  relief.  The  fired  micro¬ 
structure  of  the  SrTiO.,  sample  shown  in  Figure  4 
is  represent ive  of  the  titanate  samples  and  is  ty  pical 
of  a  densely  sintered  ceramic. 
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Figure  4.  Scanning  electron  micrograph  of  sintered 
SrTiO.,  sample  before  testing. 


Table  2  summarizes  data  obtained  tor  t he  various 
titanate  compounds.  All  samples  had  conductivities 
below  0.01  (ohm  cm)"1  .  The  corrosion  test  showed 
that  the  reduced  titanate  compounds  were  typified 
by  severe  spalling  or  flaking  of  material  from  the 
sample  face.  The  time  to  failure  was  less  than  I  minute. 
Figure  5  shows  an  SEM  of  the  sample  surface  after 
corrosion  testing.  The  spalling,  believed  to  be  due  to 
reoxidation  of  the  surface  of  the  reduced  titanate.  is 
indicated  in  Figure  6.  the  potential  vs  time  plot 
obtained  during  the  CaTiOt  sample  polarization 
testing. 

The  test  consists  of  applying  the  necessary  potential 
to  drive  a  constant  current  through  the  sample.  Initial¬ 
ly.  the  sample  was  conducting,  but  in  a  very  short 
time,  the  required  potential  increased  rapidly,  corres¬ 
ponding  to  the  sample's  loss  of  conductivity.  This  is 
believed  to  be  caused  by  the  formation  of  an  insulating 
surface  layer.  As  this  surface  layer  fluked  off.  new 
conducting  surface  was  exposed. 

Selective  donor  doped  and  reduced  titanate  com¬ 
pounds  were  fabricated  and  yielded  electrically 
conducting  material.  However,  these  compounds 
were  found  unsuitable  as  potential  anode  material 
for  cathodic  protection  systems  because  of  their 
rapid  spalling  and  fluking. 

Ferrites 

The  largest  group  of  ferromagnetic  oxide  compounds 
are  the  ferrites  of  iron  having  the  spinel  structure  and 
the  general  formula  ABj04.  There  are  two  idealized 
structures  in  the  spinel  family.  In  the  "normal" spinel, 
all  the  divalent  ions  are  on  the  tetrahedral  (A)  site, 
e.g..  (Zn2*)  (Fe3+)204.  In  the  "inverse”  spinel,  half 
of  the  trivaleru  ions  occupy  the  A  site,  while  the 
remaining  trivaletu  and  the  divalent  ions  are  distributed 
on  the  B  site.  e.g..  (Fe3+ )  ( Fe2*.  Fe3*)j  04  . 

Electrical  conductivity  in  ferrites  has  been  described 
by  a  "hopping"  mechanism,  in  which  charge  carriers 


"jump"  or  "hop"  from  one  ionic  site  to  the  next. 
Tli is  will  occur  if  ions  of  the  same  element,  but  differ¬ 
ent  valency  are  present  on  the  same  crystallographical- 
ly  equivalent  lattice  site:  e.g..  Fe2*  and  Fe3*  or  Mn2* 
and  Mil3'*  are  both  present  on  the  B  site  of  the  spinel 
structure.  Electrical  conduction  will  occur  by  an 
electron  "hopping"  from  an  Fe2+  to  an  Fe3+  ion. 
By  repeating  this  process  throughout  a  lattice, 
electrons  can  move  through  the  material  under  a  net 
electrical  field.  The  resulting  conductivity  of  a  material 
will  be  determined  by  the  cation  distribution,  which 
is  dependent  on  the  composition,  processing,  and 
microstructure.7 

Mn-Zn  ferrite  was  determined  to  be  an  80  percent 
normal  spinel,  with  80  percent  of  the  Mn2+  on  the 
normal  or  A  site  and  20  percent  on  the  inverse  B 
site.8  An  investigation9  of  the  postsintering  thermal 
processing  of  Mn-Zn  ferrites  found  that  the  time  to 
cool  the  sample  from  sintering  temperature  to  room 
temperature  significantly  affected  the  electrical  con¬ 
ductivity.  Samples  were  prepared  from  reagent  grade 
oxide  chemicals,  using  standard  ceramic  processing 
techniques.  The  samples  were  sintered  in  an  atmos¬ 
phere-controlled  furnace  at  I250°C  according  to  the 
temperature-time-atmosphere  profile  given  in  Figure  7. 

The  compositions  investigated  are  summarized  in 
Table  3,  which  shows  the  electrical  resistivities  and 
densities  of  the  Mn-Zn  ferrites.  All  Mn-Zn  ferrites 
compositions  quenched  after  sintering  had  resistivities 
about  2  to  4  orders  of  magnitude  higher  than  the 


7  K.  S.  Stanley,  Oxide  Magnetic  Materials  (Clarendon  Press, 
1972). 

’J.  M.  Hastings  and  L.  M.  Croliss,  Physics  Review.  Vol  104, 
No.  2  ( 1 956),  p  328. 

VV.  R.  W.  Amarakoon,  G.  P.  Wirtz,  D.  A.  Payne,  B.  V. 
Raju,  and  J.  H.  Boy,  "The  Effect  of  Post  Sintering  Treatment 
on  Electrical  Properties  of  Mn-Zn  l-errites,"  Presented  to  the 
Amer.  Ceramic  Society,  Pittsburgh,  PA  (May  1984). 


Table  2 

Properties  of  Titanate  Compounds  as  Possible  Anodes 
Oxide  Density  Resistivity 

Material  Dopant  Percent  Th  ohm/cm  Corrosion  Testing 

BaTiO,  l.a.W  94  6  x  1(1  severe  spalling 

SrTiO,  l  a.W  99  5  X  10  severe  spalling 

CaTiO,  l.a.W  98  1  X  101  sample  stopped  conducting 

TiO,  Nh  93  <1  severe  spalling 


frograph  of  titanate 


TEMPERATURE  (°C) 


Figure  7.  Healing  schedule  for  ferrite  samples. 


Table  3 


Electrical  Resistivity  and  Density  of  Mn-Zn  Ferrites 
as  a  Function  of  Postsintering  Cooling  Treatments 


x/nxhe,()4 

(\> 

Postsintering 

Treatments 

Resistivity 

(Ohm/cm) 

Density 
(Percent  Th> 

0.00 

(Quenched 

4.0  •  in4 

92.0 

slim  ly  cooled  ill  air 
(10  hr) 

T  2 

94.9 

tl.20 

Quenched 

1 .3  •  It)4 

92.0 

slowly  cooled  ill  air 
( 1  tv  hr  > 

2  3 

95.5 

0.45 

Quenched 

l.u  •  in4 

95.4 

slowly  cooled  in  air 
(It)  hr) 

T  2 

98.5 

0.5 

Quenched 

3  4 

95.2 

resistivities  of  the  slowly  cooled  samples.  The  slowly 
cooled  samples  were  all  conducting  (1  to  5  ohm, cm) 
irrespective  of  cooling  atmosphere.  Adding  0.1  wt 
percent  CaO  and  Si02  units  improved  the  densities, 
hut  did  not  significantly  affect  the  resistivities  of  the 
quenched  or  slowly  cooled  samples.  An  SEM  of  a 
slowly  cooled  sample  is  shown  in  Figure  8. 

The  significant  change  in  resistivity  due  to  difference 
in  cooling  rates  was  due  to  a  change  in  the  bulk  proper¬ 
ties  of  the  Mn-Zn  ferrites.  This  was  determined  by 
electrical  impedance  and  magnetic  Curie  point  analysis. 
X-ray  diffraction  analysis  of  the  slow-cooled  samples 
indicated  the  formation  of  an  Mu-rich  phase.  The 
removal  of  Mil  from  MnFe204  during  slow  cooling 
would  result  in  the  formation  of  an  Fe  rich  phase  with 
both  Fe2*  and  Fe3*  ions,  which  would  explain  the  high 
conductivity . 

The  dissolution  rales  of  the  anodes  were  determined 
m  the  laboratory  by  immersing  the  sample  material 
in  distilled  water  containing  3.5  percent  NaCI.  at 
various  current  loadings.  The  amount  of  dissolved 
ions  in  solution  was  determined  by  atomic  absorption 
analysis.  The  anode  dissolution  rates  (Table  4)  were 
ascertained  based  on  the  concentration  of  the  in¬ 
dividual  ions  found  in  solution  and  the  stoichiometry 
of  the  sample. 

The  anode  dissolution  rate  for  the  slowcooled 
MnFe204  sample  was  0.032  g/A-yr  based  on  Mn,  and 
0.74  g/A-yr  based  on  Fe  with  an  average  rate  of  0.38 
g/A-yr.  The  substitution  of  20  percent  of  the  Mu  by 
Zn  yielded  a  composition  of  Mn  BZn  2Fe204.  The 
anode  dissolution  rate  for  slow-cooled  samples  ranged 


from  0.13  to  0.20  g/A-yr  based  on  Mn  and  between 
0.53  to  0.4b  g/A-yr  based  on  Fe  and  averaged  0.33 
g/A-yr  independent  of  current  density  of  the  test. 
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Figure  8.  Scanning  electron  micrograph  of  slowly 
cooled  Mn  ferrite  sample. 


Dissolution  Rates  of  Sintered  Ferrites  in  3.5  Percent  NaCI  Distilled  Water  Solution 


Anode  Dissolution  Rate 

Average  Anode 

Current  Density 

(g/A-yr)  Based  On: 

Dissolution  Rate 

Material 

(A/m2) 

he 

Mn  Zn 

(g/A-yr) 

Mnl  e,04 

250 

* 

* 

* 

Mnl  e,04 

1000 

0.74 

0.03 

0.38 

Mn  8/.n  ,1  e,04 

1000 

0.46 

0.20  • 

0.33 

Mn  8/.n  ,1  e,04 

too 

0.53 

0.13  • 

0.33 

Mn  ,/n  4l;e,04 

100 

* 

*  * 

* 

•Below  sensitivity  limit  ol  lest. 


The  quenched  sample  of  the  same  composition  spalled 
severely  during  testing.  The  dissolution  rate  for  the 
Mn0 .5  Zn0  s  Fe,  04  sample  was  below  the  sensitivity 
of  the  analytical  test . 

The  dissolution  rates  obtained  in  this  study  for 
Mil  and  Mn-Zn  ferrites  fired  in  an  ambient  atmosphere 
and  subjected  to  careful  control  of  the  post-sintering 
cooling  treatment  are  superior  to  those  reported  by 
Wakahayashi  and  Aoki.10  They  recorded  Mn-ferrite 
and  Zn-ferrite  samples  witli  dissolution  rates  of  2.7 
and  3.2  g/'A-yr.  respectively -substantially  higher 
than  the  0.38  and  0.33  g/A-yr  obtained  for  the  Mn- 
ferrite  and  80  percent  Mn-20  percent  Zn  ferrite 
samples. 


4  CONCLUSIONS  AND 
RECOMMENDATIONS 


While  aluminum  and  stainless  steel  are  less  expensive 
substrate  materials  than  niobium  and  titanium,  they  do 
not  make  acceptable  anodes  when  coated  with  Ni-CT- 
Al-Y,  then  niobium,  then  lithium  ferrite  in  a  triple 
layer  plasma-sprayed  system.  These  samples  cracked 


10  A.  Wakahayashi  and  T.  Aoki.  "Characteristics  ol  ferrite 
electrodes,”  Journal  dv  Physique  Cl.  Vol  38.  No.  4  (1977), 
pp  241-244, 


and  spalled  severely  when  subjected  to  anodic  polari¬ 
zation  testing. 

Anodes  consisting  of  a  stainless  steel  substrate  with 
a  molten  salt  electroplated  coating  of  tantalum 
(“passive”  metal)  followed  by  a  lithium-ferrite  plasma- 
sprayed  coating  showed  great  promise  as  a  potential 
anode  material,  with  the  advantage  of  a  more  cost- 
effective  substrate. 

Donor  doped  and  reduced  solid  sintered  titanate 
compounds  yielded  electrically  conducting  materials, 
but  they  also  degraded  quickly  and  severely  under 
polarization  testing.  These  materials  are  not  suitable 
for  cathodic  protection  anodes. 

Solid  sintered  Mn  and  Mn-Zn  ferrite  materials  were 
fabricated  with  careful  control  of  the  postsintering 
cooling  rate  to  maximize  the  electrical  conductivity. 
The  anodic  dissolution  rates  of  Mn  and  Zn  ferrites 
were  less  than  0.5  g/A-yr  based  on  the  principal 
elements.  This  is  better  than  the  1  to  2  g/A-yr  reported 
for  previously  used  plasma-sprayed  lithium  ferrite. 

It  is  recommended  that  improved  anodes  made  of 
niobium-coated  stainless  steel  coated  with  plasma- 
sprayed  Mn-Zn  ferrites  be  tested  in  the  field  to  provide 
a  better  understanding  of  ceramic  anode  behavior.  It 
is  also  recommended  that  dissolution  mechanisms  and 
the  effects  of  structure  and  composition  on  the  electro¬ 
chemical  stability  of  ceramic  semiconductors  be 
investigated  further. 
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ATTN:  Engr  Topographic  Lab 

ATTN:  ATZA-DTE-SU 

ATTN:  ATZA-DTE-EM 

ATTN:  R&D  Command 

CRAEL,  ATTN:  Library  03755 

WES,  ATTN:  Library  39180 

HQ,  XVIII  Airborne  Corps  and 
Ft.  Bragg  28307 
ATTN:  AFZA-FE-EE 

Chanute  AFB,  IL  61868 
3345  CES/DE,  Stop  27 

Norton  AFB  CA  92409 
ATTN:  AFRCE-HX/DEE 

Tyndall  AFB,  FL  32403 

AFE SC /Engl nee ring  6  Service  Lab 

NAPAC 

ATTN:  RDT&E  Liaison  Office  (6) 

ATTN:  Sr.  Tech.  FAC-03T  22332 
ATTN:  Asst.  CDR  R&D ,  FAC-03  22332 

NCEL  93041 

ATTN:  Library  (Code  L08A) 

Defenee  Technical  Info.  Center  22314 
ATTN:  DDA  (12) 

Engineering  Societies  Library 
New  York,  NY  10017 

National  Guard  Bureau  20310 
Installation  Division 

US  Government  Printing  Office  22304 

Receiving  Sectlon/Depoaltory  Copies  (2) 

US  Army  Env.  Hygiene  Agency 
TN:  HSHB-E  21010 

National  Bureau  of  Standards  20760 
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